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conserved in sequence between distantly related organ-tides are involved in different types of regulation of
isms, suggesting that the interactions between thesegene expression including mRNA degradation, trans-
miRNAs and their targets constitute essential processeslational repression, and chromatin modification. Here
(Pasquinelli et al., 2000).we describe the small RNA profile of Drosophila melano-
miRNA expression is regulated in a spatial and tempo-gaster as a function of development. We have cloned
ral manner. The miRNA transcripts are trimmed in theand sequenced over 4000 small RNAs, 560 of which
nucleus to a dsRNA precursor and subsequently ex-
have the characteristics of RNase III cleavage prod-
ported to the cytoplasm for Dicer processing (Lee et al.,
ucts. A nonredundant set of 62 miRNAs was identified. 2002). Most of our current knowledge of miRNA function
We also isolated 178 repeat-associated small interfer- derives from the two Caenorhabditis elegans miRNAs
ing RNAs (rasiRNAs), which are cognate to transpos- lin-4 and let-7, originally named small temporal RNAs
able elements, satellite and microsatellite DNA, and (stRNAs) for their role in developmental timing (Lee et
Suppressor of Stellate repeats, suggesting that small al., 1993; Reinhart et al., 2000). Investigation of lin-4 and
RNAs participate in defining chromatin structure. rasi- let-7 genetic interactions identified genes containing se-
RNAs are most abundant in testes and early embryos, quences in their 3 UTRs partially complementary to
where regulation of transposon activity is critical and these miRNAs (Abrahante et al., 2003; Lin et al., 2003;
dramatic changes in heterochromatin structure occur. Pasquinelli and Ruvkun, 2002). lin-4 and let-7 miRNAs
form bulged RNA duplexes with their target mRNAs,
Introduction which leads to repression of protein synthesis after
translation initiation while the mRNA remains intact
One of the recent surprises in molecular and cellular (Olsen and Ambros, 1999; Seggerson et al., 2002; Wight-
biology was the identification of 20 to 30 nucleotide (nt) man et al., 1993). Recently, two D. melanogaster mi-
RNA molecules that guide transcriptional and posttran- RNAs, bantam (Brennecke et al., 2003) and miR-14 (Xu
scriptional gene silencing (for reviews see Denli and et al., 2003), were genetically characterized and some
of the respective target mRNAs were identified. How-
ever, the precise mechanism of target repression by*Correspondence: ttuschl@rockefeller.edu
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these D. melanogaster miRNAs remains to be charac- germline (Kennerdell et al., 2002). Stellate silencing is
terized. correlated with the presence of 25–27 nt siRNAs deriving
rasiRNAs are presumably derived from long dsRNAs from both strands of Su(Ste) (Aravin et al., 2001). A study
and match to repetitive sequence element in sense and investigating multicopy transgene silencing in D. mela-
antisense orientation (Djikeng et al., 2001; Llave et al., nogaster implicated another Argonaute gene, piwi, in
2002a; Reinhart and Bartel, 2002). Repetitive sequences posttranscriptional and transcriptional gene silencing
are often associated with regions of heterochromatin. (Pal-Bhadra et al., 2002). Links between protein factors
Transposable elements (TEs), for example, may produce involved in RNAi and the silencing of endogenous trans-
dsRNA upon random integration nearby transcription- posable elements have also been made in other species
ally active sequences. The high density of transposons like C. elegans (Ketting et al., 1999; Tabara et al., 1999)
in particular genomic regions makes it more likely that and Chlamydomonas reinhardtii (Wu-Scharf et al., 2000).
dsRNA is generated by transcription from adjacent op- The Argonautes have been shown to be the largest
posing promoters of transposons rather than cellular conserved class of proteins that link the various path-
genes. rasiRNAs are likely to function as guide RNAs ways of RNA silencing. Various Argonaute family mem-
during the establishment and/or maintenance of hetero- bers function in both posttranscriptional and transcrip-
chromatin in plants (Hamilton et al., 2002; Llave et al., tional gene silencing in protists, fungi, plants, and
2002a; Mette et al., 2002), Trypanosoma brucei (Djikeng animals (for reviews see Carmell et al., 2002). Biochemi-
et al., 2001), Drosophila melanogaster (Aravin et al., cal characterization of the RNAi machinery identified a
2001; Pal-Bhadra et al., 2002), and fission yeast (Hall et ribonucleoprotein complex termed RISC (RNA induced
al., 2002; Reinhart and Bartel, 2002; Volpe et al., 2002). silencing complex) that contains the siRNAs as guide
Small RNAs and proteins related to RNA silencing have RNAs (Elbashir et al., 2001b; Hammond et al., 2000;
also been identified in Tetrahymena thermophila and Zamore et al., 2000). In D. melanogaster, RISC was found
are thought to participate in guiding programmed DNA to contain Ago2 (Hammond et al., 2001), and, in human
elimination of dispersed sequence elements in order cells, RISC contains the Argonaute proteins eIF2C1 and/
to form the transcriptionally active macronucleus after or eIF2C2 (Martinez et al., 2002). Interestingly, eIF2C2
sexual conjugation (Mochizuki et al., 2002; Tautz et al., was also identified in a protein complex associated with
1988; Taverna et al., 2002). miRNAs in humans (Mourelatos et al., 2002), and it was
Two distinct classes of small RNAs were found in subsequently shown that this complex was able to
plants. These classes are 21 nt and 24 nt in size and cleave miRNA-complementary target mRNAs (Hutva´g-
mediate posttranscriptional and transcriptional gene si- ner and Zamore, 2002). The reciprocal case, that siRNAs
lencing (Hamilton et al., 2002; Mallory et al., 2002; Tang can also function as miRNAs, was also shown (Doench
et al., 2003). siRNA product inhibition experiments sug- et al., 2003). Therefore, small RNAs associated with
gest that different homologs of Dicer are responsible Argonaute proteins can either act as siRNA or miRNAs
for production of these two types of small RNAs (Tang et depending on the degree of complementarity to the tar-
al., 2003). siRNAs and miRNAs are near 21 nt in size (Llave get mRNA.
et al., 2002a; Reinhart et al., 2002), whereas rasiRNAs are Here we cloned and sequenced the short RNAs pres-
24 nt long (Hamilton et al., 2002; Llave et al., 2002a). Certain ent in D. melanogaster at different stages of develop-
viral suppressors of RNA silencing in plants specifically ment as well as in adult testes. Several different classes
affect the accumulation of 24 nt rasiRNAs (Hamilton et al., of dsRNA-derived short RNAs were identified. We vali-
2002). It was recently discovered that plants with muta- dated 62 unique miRNAs and annotated 178 rasiRNAs.
tions in the Argonaute 4 gene were impaired in transcrip- The distinct features of the two classes of small RNAs
tional silencing at certain loci (Zilberman et al., 2003). suggest different regulatory mechanisms and function
These mutants lacked accumulation of 24 nt siRNAs of for the two classes. This study also indicated the funda-
the AtSN1 retroelement and derepressed a normally silent
mental importance of recording the small RNA profile
gene because of loss of DNA methylation and histone H3-
for understanding gene regulation in eukaryotic cells.
lysine 9 methylation (Zilberman et al., 2003). Plant miRNAs
are mostly 21 nt consistent with their role in posttranscrip-
Resultstional regulation (Llave et al., 2002a; Park et al., 2002;
Reinhart et al., 2002).
Cloning of D. melanogaster Small RNAsA natural case in which repetitive DNA sequences
Small RNAs in the size range of 16–29 nt were clonedfunction to silence a cellular gene was first described
from defined developmental stages of D. melanogaster.in D. melanogaster (Livak, 1984, 1990; Palumbo et al.,
In addition, small RNAs were also cloned from microdis-1994). Deletion of Suppressor of Stellate [Su(Ste)] repeats
sected adult testis. To obtain the small RNA fraction,located on the Y chromosome results in derepression
total RNA was isolated using acid guanidinium thiocya-of Stellate located on the X chromosome leading to
nate-phenol-chloroform (Chomczynski and Sacchi,meiotic abnormalities and male infertility due to crystalli-
1987) adapted to maximize recovery of small RNAszation of overexpressed Stellate protein in sperm cells.
(Lagos-Quintana et al., 2001, 2002). The small RNAsDerepression of Stellate is also observed in mutants of
were then size fractionated on denaturing polyacryl-the spn-E DE-H helicase (Aravin et al., 2001; Stapleton
amide gels and excised from the gel directly below theet al., 2001) and the Argonaute aub (Schmidt et al., 1999).
2S rRNA band that is detectable by UV shadowing. InInterestingly, spn-E mutants accumulate transcripts
contrast to many other species, D. melanogaster ribo-from retrotransposons in the germline (Aravin et al.,
somal RNA (rRNA) is composed of four individual RNAs,2001; Kogan et al., 2003) and both spn-E and aub mu-
tants are defective for initiation of RNAi in the female 28S, 18S, 5.8S, and 2S, the latter of which is 30 nt in
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Table 1. Composition of Small RNA cDNA Libraries Prepared from Different Developmental Stages and Testes of D. melanogaster
Embryo Stage (hr) Larva Stages
Total Total
Type 0–2 2–4 4–6 6–12 12–24 L1 L1  L2 L3 Pupa Adult Testes (clones) (%)
rRNA 161 119 160 85 23 193 111 293 91 438 451 2160 53.0
tRNAa 25 14 25 1 2 35 64 53 9 99 25 354 8.7
miRNA 112 42 25 7 3 12 8 8 — 121 41 382 9.4
rasiRNA 79 39 13 1 2 3 — — 12 28 178 4.4
mRNA 3 7 11 2 1 26 30 32 1 16 13 143 3.5
snRNA/snoRNAb 4 — 4 2 3 1 2 2 — 16 1 35 0.9
Other ncRNAc 8 1 7 1 — 1 3 1 1 13 3 40 1.0
S. cerevisiae 45 101 49 22 19 53 61 26 1 141 7 525 12.9
Bacteria, plants 1 1 2 — — — 6 4 1 2 — 17 0.4
DCV — — — — — 1 1 11 1 3 — 17 0.4
Unknownd 31 14 7 2 7 15 32 25 8 56 25 223 5.5
Total 469 338 303 122 59 339 321 455 113 920 594 4074 100
The number of sequenced clones is indicated according to matches to the annotation provided within the various public databases including
the annotation of the D. melanogaster genome (version 3.1 from http://www.bdgp.org), a dataset of D. melanogaster sequences from GenBank
(http://www.fruitfly.org/sequence/sequence_db/na_gb.dros), a database of transposable elements (http://www.bdgp.org/p_disrupt/datasets/
VERSION3/ALL_SEQUENCES_dmel_RELEASE3.FASTA.ALL.v3) and canonical sequences (http://www.bdgp.org/p_disrupt/datasets/NATURAL_
TRANSPOSABLE_ELEMENTS.fa), a database of D. melanogaster tRNA sequences (http://rna.wustl.edu/GtRDB/Dm/Dm-seqs.html), a database
of small RNA sequences provided by A. Hu¨ttenhofer, and a database of miRNAs (http://www.sanger.ac.uk/Software/Rfam/ftp.shtml) and
predicted miRNA sequences (Lim et al., 2003). The assignment of annotation was performed in a hierarchical manner. Perfect matches of
small RNA sequences to the genomes of S. cerevisiae were classified as S. cerevisiae sequences followed by matches to D. melanogaster rRNA,
tRNA, and then snRNAs/snoRNAs and other ncRNAs. The remaining sequences were then checked against euchromatic and heterochromatic
D. melanogaster genomic sequences as well as GenBank sequences of other organisms and classified as mRNAs, Drosophila C Virus (DCV),
bacterial, and plant genomes.
a The annotation for small RNAs as tRNA breakdown products was performed using the tRNA sequences provided at the Genomic tRNA
Database at http://rna.wustl.edu/tRNAdb/ as well as annotated GenBank sequences.
b snRNA and snoRNA hits were assigned by using the sequence sets provided in (Yuan et al., 2003).
c The noncoding RNAs (ncRNAs) were provided from A. Hu¨ttenhofer and contained longer RNA sequences (40 nt) without annotation or
assigned function.
d Unknown describes a category for which most sequences do not match to S. cerevisiae or D. melanogaster. This category also contains
some sequences with near perfect match to regions of D. melanogaster with no available annotation and no evidence for a repetitive character
or a miRNA fold-back structure.
size (Tautz et al., 1988). The small RNAs were then and adults showed the highest content of small regula-
tory RNAs (between 15% and 40%) while in late embryocloned and sequenced (Pfeffer et al., 2003).
A total of 4074 clone sequences were obtained and and larvae the number was significantly lower. From
pupae, almost all cloned small RNAs represented rRNAcurrent public databases were used to annotate 95.6%
of these sequences; the residual sequences could not and tRNA breakdown products. Presumably, extensive
apoptosis during metamorphic tissue reorganizationbe annotated because they did not match to any of the
sequenced genomes in the database (183 clones) or caused extensive rRNA breakdown and made it impossi-
ble to clone small RNAs at high frequency. Also, webecause they matched to a region of the D. melanogas-
ter genome for which no functional or sequence homol- found that pupae- and adult-specific miRNAs, such as
let-7, were still present in pupae RNA preparations andogy assignment could be made (40 clones). The largest
class of cloned RNAs represents breakdown products were readily detectable by Northern blotting (Figure 1B).
miRNAs and siRNAs are generated by Dicer RNaseof abundant noncoding (or nonmessenger) RNAs (rRNA,
tRNA, snRNA, snoRNA, and others) of D. melanogaster III cleavage from dsRNA precursors and therefore con-
tain 5 phosphates and 2,3-hydroxyl termini (Bernstein(63.5%), followed by breakdown product sequences
from Saccharomyces cerevisiae (12.9%), which consti- et al., 2001; Elbashir et al., 2001b; Grishok et al., 2001;
Hutva´gner et al., 2001; Nyka¨nen et al., 2001). In contrast,tutes the preferred diet of D. melanogaster. A few bacte-
rial and plant rRNA fragments from salmonella, cereal, breakdown products of longer RNAs that are generated
by single-strand specific RNases or by simple hydrolysisand hops were also found, presumably because the
baking yeast that was used for fly food was brewing should contain 5-hydroxyl and 2,3 cyclic phosphate
or 2 or 3 monophosphate termini. In theory, it shouldyeast. A small fraction of D. melanogaster mRNA break-
down products (3.5%) was also identified (Table 1). The be possible to discriminate between small regulatory
RNAs and RNA breakdown products by the presenceresidual 577 sequences (14.1%) fell into the following
three classes: miRNAs (9.3%), repeat-associated small or absence of a 5 phosphate. The cloning method de-
scribed by Lau et al. (2001), which takes advantageRNAs derived from sense and antisense strands of re-
petitive elements (4.4%), and small RNAs from Drosoph- of the presence of a 5 phosphate, should therefore
discriminate against RNA breakdown products and en-ila virus C (0.4%).
The proportion of small RNAs with regulatory function rich for RNase III processing products. However, when
we compared the two cloning protocols using identicalrelative to rRNA breakdown products varied drastically
for the different developmental stages. Early embryos sources of starting material, we found that the content
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Figure 1. miRNA Genes mir-100, let-7 and
the lin-4 Homolog mir-125 Are Clustered
(A) Arrangement of the miRNA genes in D.
melanogaster. The 70 nt fold-back precursor
is indicated as box, the position of the miRNA
in the precursor is shown in black. The chro-
mosome location is indicated to the right.
(B) Northern blots confirming the coexpres-
sion of miR-100, let-7, and miR-125 in pupa
and adult. As control for loading the 30 nt 2S
rRNA band was visualized by ethidium bro-
mide staining of the polyacrylamide gel be-
fore transfer of the RNA to the blotting mem-
brane. Development stages of embryos are
indicated in hours after egg laying. Larval
stages are indicated as L1, L2, and L3. P indi-
cates pupal stage; M, adult male; F, adult
female.
(C) The miRNA clustering is conserved be-
tween invertebrates and vertebrates but gene
duplication occurred in mammals and the
spacing between miRNA precursors in-
creased with increasing genome size.
of rRNA and tRNA breakdown RNAs was practically the all nonmessenger RNAs could have been assembled
from partly overlapping small RNA segments similar tosame. Both methods yielded 15% of miRNA sequences
shotgun genome sequencing. In contrast to dsRNA pro-using 0 to 2 hr embryo small RNAs and between 2%
cessing products, the breakdown products of noncod-and 3% miRNAs from combined L1 and L2 stage small
ing RNAs and mRNAs show no significant length biasRNAs after sequence analysis of more than 100 clones
and are broadly distributed throughout the size windowfor each RNA source and each cloning method. This
used for cloning. miRNAs and rasiRNAs show a muchsuggests that small RNAs without a 5 phosphate are
tighter size distribution (Supplemental Table S1 [http://rapidly phosphorylated in the cell and become indistin-
www.developmentalcell.com/cgi/content/full/5/2/337/guishable from Dicer RNase III processing products.
DC1]), which centers on distinct sizes for both classes.Rapid addition of 5 phosphates to nonphosphorylated
About 70% of the identified sequences of miRNAs aresynthetic siRNA duplexes as well as rapid dephosphory-
between 21 and 23 nt in size with an average of 22.0lation of 3 phosphates of synthetic siRNA duplexes was
nt. This size distribution is similar to the length distribu-observed previously in D. melanogaster and human cell
tion of siRNAs generated by in vitro processing ofextracts (Martinez et al., 2002; Nyka¨nen et al., 2001).
dsRNA in D. melanogaster embryo lysate (Elbashir etHowever, it was not previously examined if other single-
al., 2001a). About 65% of the rasiRNAs are betweenor double-stranded RNAs were also substrates for these
23 and 26 nt in size with an average of about 23.6 ntkinases and phosphatases. We therefore continued us-
(Supplemental Table S1).ing our original cloning protocol (Lagos-Quintana et al.,
miRNAs, siRNAs, and rasiRNAs have a strong prefer-2001, 2002; Pfeffer et al., 2003).
ence for pyrimidine residues, uridine in particular, at
their 5-most position. The average nucleotide composi-
Identification of Distinct Classes of Small RNAs tion for the first, second, and last nucleotide of the vari-
Cloning of small RNAs provides an overview of the RNAs ous RNA classes is shown in Supplemental Table S2.
expressed in a cell or organism. If a sufficiently large Only the 5-most position of RNase III processing prod-
ucts displays this sequence bias. Additional supportnumber of clones were examined, complete contigs of
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for the presence of dsRNA precursors for rasiRNAs is libraries and their phylogenetic conservation as a fold-
back precursor structure in other species (Supplementalprovided by the presence of sense as well as antisense
Tables S3 and S4). miRNAs that closely resemble inoriented sequences cognate to repeat elements of LTR
sequence previously described miRNAs were miR-9b,and non-LTR retrotransposons.
9c, 31a, 31b, 34, 79, 92a, 92b, 124, 184, and 210. These
were named based on their evolutionary relationshipsAbsence of Evidence for Antisense
to preidentified miRNAs. Based on the cloned sequencesmRNA Regulation
of bantam miRNAs, its previously deduced sequenceBioinformatic analysis indicated that a significant num-
(Brennecke et al., 2003) needs to be revised. All clonedber of genes are partially overlapping in opposite orien-
bantam miRNAs begin with the same 5 uridine residuetation in various organisms (Merino et al., 1994; Shendure
encoded one nucleotide downstream of the proposed
and Church, 2002; Yelin et al., 2003). Partly complementary
sequence.
transcripts may participate in gene regulation by anti-
For some miRNAs, we cloned the strand opposite to
sense or RNAi-related mechanisms. We cloned 143
the accumulating and conserved miRNA. We refer to
small RNAs that matched to cDNAs or predicted cDNA
these sequences as the miR* sequence (Lau et al., 2001)
sequences in the D. melanogaster genome. One hun-
(Table 2). In most cases, miR* is clearly less abundant,
dred forty-one of these sequences were in sense () but for miR-10*, miR-13a*, and miR-281-2*, too few se-
orientation to the mRNA without overlap to other genes, quences were cloned to make any conclusion on the
suggesting that these small RNAs are breakdown prod- relative abundance. A similar situation was found for
ucts of mRNAs. This is supported by the broad length two small RNAs that are excised from a hairpin residing
distribution similar to rRNA and tRNA fragments and the in the noncoding RNA transcript iab-4 of the Bithorax
absence of a 5 pyrimidine sequence bias characteristic complex. iab-4 contributes to proper formation of ab-
for dsRNA processing products (Supplemental Table dominal segments (Mattick and Gagen, 2001).
S2). Only two sequences mapped to the coding region miRNA genes are often found in close proximity to
of predicted genes in antisense () orientation but with- each other forming larger miRNA gene clusters (Lagos-
out any evidence for the presence of overlapping tran- Quintana et al., 2001; Lau et al., 2001). We found 11
scripts. These findings are in strong contrast to observa- gene clusters in the D. melanogaster genome containing
tions in C. elegans, where 50%–90% of cloned small on average three miRNAs, with the longest cluster con-
RNAs with a corresponding match to a protein-coding taining eight miRNAs (Table 2). Some clusters are found
sequence were in antisense orientation to the open within intergenic regions, while others are located within
reading frame (Ambros et al., 2003b; Lim et al., 2003b). the intronic regions of protein-coding genes (Supple-
mental Table S3). Some clusters contain only highly ho-
mologous miRNAs, such as mir-92a and mir-92b or mir-Small RNAs Derived from Drosophila C virus RNA
281-1 and mir-281-2, suggestive of rather recent geneDrosophila C virus (DCV) belongs to the class of Dicis-
duplication. For example, the mir-2/mir-13 family istroviridae and the genus Cripavirus (Cricket paralysis-
composed of eight genes that are encoded in four differ-like virus) and contains a positive-sense genomic RNA
ent genomic regions in D. melanogaster. There are twoof 9264 nucleotides in length (Johnson and Christian,
single copy genes and two clusters containing three1998). DCV is phylogenetically related to mammalian
gene copies each. In Anopheles gambiae, only fivepicornaviruses. DCV is commonly associated with Dro-
members of this gene family are found, and they are allsophila in nature and in laboratory culture. Infections
within one cluster.are not usually associated with a noticeable disease
Because positional clustering of miRNAs is a commonstate although they commonly reduce life expectancy
genomic feature of miRNAs, we examined the regionsof infected individuals. We isolated 17 small RNAs from
adjacent to miRNA genes for the presence of additionalDCV, 16 of which were in  orientation and one in 
miRNAs that may have escaped the nonsaturating clon-orientation. Considering the broad size distribution of
ing and sequencing protocol. By identifying fold-backthe  orientation DCV small RNAs, which is similar to
structures as well as sequence homologs of knownthe sense mRNA fragments described above, it is likely
miRNAs and only considering those candidates thatthat most of the strand DCV small RNAs are not RNase
were also conserved in other insect genomes, we identi-III cleavage products. Although the possibility remains that
fied eight more miRNAs. These include mir-283 clus-the 21 nt DCV antisense RNA is a breakdown derived from
tered with mir-12 and mir-304, mir-100 clustered withthe  strand of DCV, it is also conceivable that the 21 nt
let-7 and mir-125, mir-313 and mir-310 clustered withantisense DCV small RNA is a true siRNA that derived
mir-311 and mir-312, and mir-2c clustered with mir-13afrom the dsRNA replication intermediate of DCV.
and mir-13b. Nonclustered conserved fold-back struc-
tures were identified for mir-87 and mir-133. The expres-
microRNA Identification sion of miR-87, -100, -125, -133, -283, -310, and -312
We identified 382 clones that were derived from 60 was confirmed by Northern analysis (Figure 2). The vali-
miRNA genes (Table 2). Some of the cloned miRNAs, dation of the predicted miR-2c was not attempted be-
such as miR-1 through miR-14, let-7, and bantam were cause of predictable problems of cross-hybridization of
described previously (Brennecke et al., 2003; Lagos- the Northern blotting probe to miR-2a and miR-2b. To
Quintana et al., 2001; Pasquinelli et al., 2000). According date, including the predicted clustered and/or con-
to the convention for miRNA annotation (Ambros et al., served miRNAs, a total of 62 unique miRNA sequences
2003a), new miRNA gene names were assigned based encoded by 68 genes have been identified in D. melano-
gaster.on the evidence of cloning the small RNA from our cDNA
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Figure 2. Expression Profiles of a Subset of Identified miRNA Genes
Northern blotting was performed as described in the legend to Figure 1B.
Although we did not clone miR-125, the lin-4 homolog that D. melanogaster miR-100 is coexpressed with miR-
125 and let-7 by Northern blotting (Figure 1B). Coexpres-of fly, we previously showed that mir-125 was expressed
in pupa and adult (Lagos-Quintana et al., 2002). As ex- sion of miR-125 and let-7 and induction by the steroid
hormone ecdysone at the onset of metamorphosis haspected from their close proximity, the expression pat-
tern of mir-125 was identical to that of D. melanogaster been reported recently (Bashirullah et al., 2003; Sempere
et al., 2003), as well as the coregulated expression oflet-7 (Pasquinelli et al., 2000). A third miRNA gene that is
homologous to mammalian mir-100 was found in close miR-100 (Sempere et al., 2003). The polycistronic ex-
pression of this miRNA cluster was also confirmed byproximity to mir-125 and let-7 (Figure 1A). We confirmed
D. melanogaster Small RNA Profile
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RT-PCR analysis, which detected a long primary tran- to as long-interspersed nuclear elements (LINE) or
script comprising all the hairpin precursor sequences poly(A)-type retrotransposons. Class II elements are
(A.A., unpublished data). The clustering for mir-100, mir- characterized by a terminal-inverted repeat (TIR). We
125, and let-7 is conserved in A. gambiae, although the have cloned small RNAs from 38 different transposable
distance between the genes has increased (Figure 1C). elements corresponding to 40% of all known transpos-
In mouse and human, the gene cluster underwent dupli- able elements in D. melanogaster (Kaminker et al., 2002).
cation and the distance between miRNA genes was in- The most frequently cloned rasiRNAs were derived from
creased further (Figure 1C). In C. elegans, neither lin-4 the LTR transposon roo, which is also the most abun-
nor its paralog mir-237 are spatially linked with let-7 dant transposable element in the euchromatic portion
family members (Lim et al., 2003b). The lin-4 gene is of the D. melanogaster genome. This indicates a role
expressed at an earlier stage than the let-7 gene (Rein- for RNAi in controlling the mobility of transposable ele-
hart et al., 2000), but mir-237 shows a very similar ex- ments in D. melanogaster.
pression pattern to that of let-7 (Lim et al., 2003b). Evi- The production of small sense and antisense RNAs
dence further supporting the conservation of lin-4 and from the repetitive Su(Ste) locus sequences was shown
let-7 coregulation in nematodes comes from the identifi- previously (Aravin et al., 2001), indicating a role for
cation of both lin-4 and let-7 RNA binding sites in the dsRNA in the homology-dependent regulation of Stel-
3 UTR of lin-14, lin-28, lin-41, and lin-57 transcripts late. In agreement with this, we cloned several siRNAs
(Abrahante et al., 2003; Lin et al., 2003; Reinhart et in sense and antisense orientation from the Su(Ste) locus
al., 2000). Homologs to miR-100 were not identified in in testes tissue. The identification of rasiRNAs from other
C. elegans. not yet annotated repetitive sequences suggests that
The 5 portion of the miRNAs shows the highest de- systems similar to that of Ste/Su(Ste) might exist in
gree of conservation and miRNAs can be grouped in D. melanogaster. Therefore, small RNA cloning is a via-
families based on this criterion (Ambros et al., 2003b; ble strategy for identification of such cases. A complete
Lim et al., 2003b). It was also noticed that the 5 ends list of all cloned repeat-associated sequences is pro-
of some miRNAs are complementary to sequence motifs vided in Supplemental Table S5.
in the 3UTR of some mRNA that are subject to posttran- Some repeat sequences such as HeT-A, TART, and
scriptional regulation (Lai, 2002). It was suggested that subterminal minisatellites are restricted to telomeres
these motifs represent miRNA binding sites, which has and required for telomere maintenance. These elements
yet to be confirmed. The 62 unique miRNA sequences are absent from euchromatic regions (Kaminker et al.,
can be grouped into 43 families, 14 of which are univer- 2002) and therefore link small RNAs to regulation of
sally conserved (Supplemental Table S3). For three fami- heterochromatin. Small RNAs of the GAGAA microsatel-
lies, the conservation extends to mammals only, and for lite family were cloned from testes and originated proba-
six families the conservation extends to nematodes only. bly from transcripts of the fully heterochromatic Y chro-
This indicates that D. melanogaster is a good model mosome (Lohe et al., 1993).
system to bridge the gap for studying miRNA function Another group of 10 rasiRNAs could be assigned to
in mammals and nematodes. a 200 kb region from chromosome 2R (band 42AB),
which is composed of numerous different types of trans-
Repeat-Associated Small Interfering RNAs posable elements, many of which are damaged and have
A surprisingly large number of small RNAs (178 clones) diverged from canonical sequences. There are no pre-
map to repetitive sequence elements of the D. melano- dicted genes in this region, but several lethal mutations
gaster genome. The relative ratio of miRNAs to rasiRNAs have been described that map to this region (Bender,
varies as a function of development. Whereas about 1996). The reasons for this lethality are unclear, but it
equal proportions of miRNAs to rasiRNAs are found in is conceivable that this region is an important source for
the early embryo, the fraction of rasiRNAs drops signifi-
small RNAs involved in some aspect of heterochromatin
cantly during the transition to adults, in which only about
regulation.
10% of the small regulatory RNAs are represented as
rasiRNAs. The content of rasiRNAs in microdissected
Discussiontestes is comparable to that of early embryos. Together,
these findings suggest that the taming of transposable
Two Size Classes of Small RNAselements and the establishment of chromatin structure
in D. melanogastermay be initiated in germline tissue and during early em-
Here we describe the small RNA profile of the variousbryonic development in an RNA-dependent manner.
stages of D. melanogaster development. Similar to plantsThe rasiRNAs contain sequences from all known
(Hamilton et al., 2002; Llave et al., 2002a), D. melanogas-forms of repetitive sequence elements, such as retro-
ter produces two distinct classes of small RNAs fromtransposons, DNA transposons, satellite, and microsa-
dsRNA precursors. The two predominant classes oftellite DNA sequences, complex repeats such as the
small RNAs are 21 and 22 nt miRNAs and 24–26 ntSu(Ste) locus, as well as vaguely characterized repetitive
rasiRNAs. The strong bias for uridine at the 5 termini andsequence motifs (Table 3). The transposable elements
the match to repetitive elements in sense and antisenseare categorized by their mode of transposition and fall
orientation is indicative of dsRNA-specific RNase III pro-into two major subgroups. The class I elements trans-
cessing (Bernstein et al., 2001) and suggests a dsRNApose via an RNA intermediate, while the class II elements
origin for rasiRNAs. We also identified one antisensetranspose through a DNA intermediate. Class I elements
siRNA derived from the common Drosophila C virus.are again subdivided into long-terminal repeat (LTR) ret-
rotransposons and non-LTR transposons, also referred The propagation of the positive RNA strand Flock House
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Table 3. Repeat-Associated Small Interfering RNA Profile During D. melanogaster Development
Embryo (hr)
Size Range
Repeat Name (nt) 0–2 2–4 4–6 6–24 L1–L3 P A T Total Orientation
LINE aurora-element 22–25 1 1 1 1 4 3()/1()
baggins 24 1 1 2 2()/0()
BS 22–25 1 1 2 1()/1()
Cr1a 22 1 1 1()/0()
Doc3-element 23 1 1 0()/1()
F-element 24–27 1 1 1 3 0()/3()
G-element 24 1 1 0()/1()
HeT-A element 24–25 2 1 3 2()/1()
Ivk 25 1 1 0()/1()
R1-element 24–29 1 1 1 3 1()/2()
Rt1a 23–27 4 2 6 0()/6()
Rt1b 22–27 2 3 1 1 7 2()/5()
Rt1c, diver 16 1 1 0()/1()
TART-element 21–27 2 3 1 6 3()/3()
X-element 21–24 2 1 3 0()/3()
LTR 17.6 22–24 2 1 3 0()/3()
1731 19–26 1 1 2 1()/1()
3S18 25 1 1 1()/0()
412 27 1 1 0()/1()
accord 28 1 1 0()/1()
blood 26 1 1 0()/1()
copia 24–25 1 2 3 2()/1()
GATE 24–26 1 1 2 2()/0()
gypsy3, springer 23 1 1 0()/1()
HMS-Beagle 23–26 1 1 2 0()/2()
invader1 20–23 2 1 3 2()/1()
invader4 21 1 1 0()/1()
Max-element 19–27 6 2 8 4()/4()
McClintock 26 1 1 0()/1()
mdg3 26 1 1 1()/0()
opus 19–25 2 1 3 2()/1()
Quasimodo 21 1 1 0()/1()
roo 18–27 16 5 1 1 23 4()/19()
rooA 24 1 1 0()/1()
Stalker 16–24 1 1 2 0()/2()
TIR 1360 17–25 1 3 4 4()/0()
hopper2 24–26 3 3 3()/0()
transib4 26 1 1 0()/1()
Su(Ste) Su(Ste) 23–26 5 5 1()/4()
Other 1.688 satellite DNA 19–28 2 2 4 undef.
Heterochromatic
Repeats
microsatellite 17–24 7 7 undef.
subterminal 24 1 1 undef.
minisatellite at
telomere of 2L
repeat on chr. X 21 1 1 undef.
42 AB region on 23–28 6 3 1 10 undef.
chr. 2R
unspecified 16–28 15 9 3 1 1 4 4 37 undef.
The developmental stages are larva 1, L1; larva 2, L2; larva 3, L3; pupa, P; adult, A. and testes, T. Transposable elements are abbreviated as
LINE, long interspersed nuclear element, LTR, long terminal repeat retrotransposons, and TIR, terminal inverted repeat DNA transposons. The
orientation in  indicates the same orientation as the open reading frame within the transposable element. The orientation in Su(Ste) is given
with respect to the coding sequence of stellate.
virus (FHV) in D. melanogaster S2 cells is associated histone H3 methylation as well as asymmetric DNA
methylation (Zilberman et al., 2003) and systemic silenc-with the formation of 21 and 22 nt siRNA (Li et al., 2002),
further supporting that RNA viruses can elicit an RNAi ing (Hamilton et al., 2002).
The identification of two size classes of small RNAsresponse. The 21 and 22 nt class of small RNAs (siRNAs
and miRNAs) is associated with mRNA degradation and in plants and D. melanogaster suggests that at least
two distinct dsRNA-processing enzymes or enzymetranslational regulation, and both small RNAs interact
with common components of the gene-silencing ma- complexes are involved in their production. Arabidopsis
thaliana encodes at least 4 Dicer-like (dcl) proteinschinery (Doench et al., 2003; Hutva´gner and Zamore,
2002). In plants, the longer class of small RNAs has been (Schauer et al., 2002). Complete loss of dcl-1 function
is lethal (Golden et al., 2002). Plants homozygous forsuggested to mediate repression of retroelements via
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the weak loss-of-function allele dcl-1-9 are strongly im- that expression was absent from adults (Lagos-Quintana
et al., 2001). The cluster including miRNAs 9c, P310, 79,paired in miRNA precursor processing (Park et al., 2002;
Reinhart et al., 2002), yet retain activity for mediating and 9b is distributed over two introns of the protein
serine/threonine kinase grp that is involved in the devel-RNAi (Finnegan et al., 2003). This suggested that another
member of the Dicer family generates siRNAs, although opmentally controlled DNA replication/damage check-
point (Fogarty et al., 1997). It is possible that these miRNAsit cannot be excluded that dcl-1 may also be able to
generate 21 nt siRNAs (Finnegan et al., 2003). Addition are also involved in regulating irradiation damage re-
sponse because the grp/miRNA gene structure is con-of long siRNAs into wheat germ extracts competitively
inhibited the production of long siRNAs from dsRNA served in Drosophila and A. gambiae. The most striking
case of intronic conservation is presented by mir-7,(Tang et al., 2003). However, the addition of short siRNAs
did not inhibit the production of either long or short which is found within the last intron of the heteroge-
neous nuclear ribonucleoprotein K (hnRNP K) gene ofsiRNAs from dsRNA, indicating the presence of distinct
Dicer-like enzymes. Drosophila, A. gambiae, mouse, and human. Overex-
pression of hnRNP K (also referred to as transformationD. melanogaster encodes two members of Dicer, dcr1
and dcr2 (Bernstein et al., 2001). In vitro processing of upregulated nuclear protein [TUNP]) has been observed
in cancer cells (Bomsztyk et al., 1997; Dejgaard et al.,dsRNA in cytoplasmic extracts from 0–2 hr embryos or
late embryo-derived Schneider 2 (S2) cells resulted only 1994), but so far the attention focused only on the en-
coded protein and the role of the encoded miR-7 wasin the formation of the 21 and 22 nt siRNAs (Bernstein
et al., 2001; Zamore et al., 2000), although EST data ignored. These examples highlight the importance of
understanding miRNA gene structure and their genomicsuggest that both Dicer proteins are expressed in S2
cells. Similarly, nuclear extracts prepared from S2 cells distribution and also indicate the need for comprehen-
sive annotation of noncoding RNAs in sequenced ge-only generated 21 and 22 nt siRNAs (M.L.-Q., unpub-
lished data). The presence of long siRNAs was however nomes.
documented by Northern blotting for Su(Ste) derived
siRNAs (Aravin et al., 2001). It is possible that cofactors
needed for production of longer siRNAs were missing rasiRNAs
Our set of 178 rasiRNAs represents the largest collectionin the embryonic and S2 cell extracts.
of repeat-associated small RNAs (rasiRNAs) to date. It
provides insights into the complexity of RNA-guidedmiRNAs
regulation of heterochromatin. A comprehensive anno-The number of miRNA genes identified in various organ-
tation of rasiRNAs is difficult because methods for reli-isms is still increasing. The miRNA profile of C. elegans
able assembly of contigs containing highly repetitiveis probably the most complete, with the number of vali-
sequences are only currently being developed (Hoskinsdated miRNA genes being approximately 95 (Ambros et
et al., 2002). Many rasiRNAs are derived from classicalal., 2003b; Lim et al., 2003b). Independent estimates for
regions of heterochromatin, such as the telomeres, orthe number of miRNA genes in C. elegans are 90–120
they match segments of unassembled genomic se-genes (Lim et al., 2003b) and 140–300 genes (Grad et
quences classified as heterochromatin. rasiRNAs areal., 2003), although the lower estimate is based on more
very rich in sequences cognate to all classes of trans-sensitive computational analyses and likely to be more
posable elements. By analogy to the plant world, it isaccurate. For D. melanogaster, we have identified 62
presumed that this longer class of siRNAs is also mediat-unique miRNAs that are encoded by 68 genes. Cloning
ing transcriptional regulation. A role for rasiRNAs in sys-identified 55 of the unique miRNAs. The predicted
temic silencing can be ruled out because systemic si-miRNAs were validated by Northern blotting. Cloning of
lencing does not exist in D. melanogaster (Roignant etmiRNAs from different developmental stages provided
al., 2003).information on the developmental regulation of miRNAs.
D. melanogaster contains five members of theHowever, the cloning frequencies were generally not
Argonaute protein family, three of which (Ago1, Ago2,high enough to accurately quantify the level of expres-
piwi) have been implicated in mechanisms involvingsion. Therefore, to further our understanding of the de-
siRNAs and miRNAs (Carmell et al., 2002; Hammond etvelopmental expression patterns, we performed North-
al., 2001; Pal-Bhadra et al., 2002; Williams and Rubin,ern blots for a sample set consisting of 20 miRNAs
2002). Ago3, aub, and piwi are predominantly expressed(Figures 1 and 2). The spatial expression pattern of mi-
in germ cells and the early embryo (Williams and Rubin,RNAs was not examined because methods for in situ
2002). The increased abundance of rasiRNAs in embryohybridization of miRNAs remain to be developed.
and testes strongly suggests that these ArgonauteIntergenic miRNAs are under the control of their own
members are specific binding partners for rasiRNAs.promoter. miRNAs that are localized in introns might be
Mutation of aub as well as of the RNA helicase spn-Eexpected, in some cases, to show the same expression
leads to a loss of the Su(Ste) function (Aravin et al.,pattern as the protein-coding gene, since all 18 of the
2001; Schmidt et al., 1999; Stapleton et al., 2001). Inidentified intronic miRNAs are in the same orientation
addition, spn-E but not aub mutants show derepressionas the protein coding sequence. miR-11 is located in
of some transposable elements in the germline (Aravinone of the introns of the transcription factor E2f, which
et al., 2001). The transcriptional repression of certainis predominantly expressed during early development
multiple-copy transgenes in D. melanogaster requiresbut not in adult (Dynlacht et al., 1994). Consistent with
piwi (Pal-Bhadra et al., 2002). In fission yeast only athe expression pattern of E2f, miR-11 was cloned from
early embryos, and Northern blot analysis confirmed single Argonaute protein has been identified, which is
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Bender, M. (1996). New lethal loci in the 42AB region of the Drosoph-required for establishment and maintenance of hetero-
ila melanogaster 2nd chromosome. Drosoph. Inf. Serv. 77, 143.chromatin (Hall et al., 2002; Volpe et al., 2002). In addi-
Bernstein, E., Caudy, A.A., Hammond, S.M., and Hannon, G.J. (2001).tion, some small RNAs have been found in fission yeast
Role for a bidentate ribonuclease in the initiation step of RNA inter-that are homologous to these regions (Reinhart and Bar-
ference. Nature 409, 363–366.
tel, 2002). Together with the biochemical evidence for
Bomsztyk, K., Van Seuningen, I., Suzuki, H., Denisenko, O., andArgonaute proteins as binding partners of siRNAs (Ham-
Ostrowski, J. (1997). Diverse molecular interactions of the hnRNP
mond et al., 2001; Martinez et al., 2002), a picture for K protein. FEBS Lett. 403, 113–115.
RNA-guided sequence-specific regulation of chromatin
Brennecke, J., Hipfner, D.R., Stark, A., Russell, R.B., and Cohen,
structure is gradually emerging. S.M. (2003). bantam encodes a developmentally regulated microrna
In summary, small RNAs are not only involved in guid- that controls cell proliferation and regulates the proapoptotic gene
hid in Drosophila. Cell 113, 25–36.ing RNA degradation and translational control but pre-
sumably also contribute to chromatin modification and Caplen, N.J., Parrish, S., Imani, F., Fire, A., and Morgan, R.A. (2001).
Specific inhibition of gene expression by small double-strandedtranscriptional silencing. Recording the small RNA pro-
RNAs in invertebrate and vertebrate systems. Proc. Natl. Acad. Sci.file will become as important as recording mRNA ex-
USA 98, 9742–9747.pression profiles to understand how cells regulate and
Carmell, M.A., Xuan, Z., Zhang, M.Q., and Hannon, G.J. (2002). Themodulate gene expression. D. melanogaster is an excel-
Argonaute family: tentacles that reach into RNAi, developmentallent model organism for investigating the function of the
control, stem cell maintenance, and tumorigenesis. Genes Dev. 16,
small RNAs in these processes. 2733–2742.
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